In atrial fibrillation (AF), abnormalities in Ca 2+ release contribute to arrhythmia generation and contractile dysfunction.
Introduction
Atrial fibrillation (AF) is the most common cardiac arrhythmia. 1 The resultant loss of atrial contraction leads to atrial thrombi; embolization and stroke are major causes of morbidity and mortality. In persistent AF, antiarrhythmic drug and catheter ablation therapies are less effective. 2 Further understanding of the cellular processes involved in the generation and maintenance of AF may help to identify novel targets for antiarrhythmic treatment. 3 Recently, evidence has emerged for a major role of dysregulation of ryanodine receptor (RyR) function and Ca 2+ release from the sarcoplasmic reticulum (SR). An increase in RyR activity, attributed to an upregulation of CaMKII, was reported in patients with persistent AF. 4, 5 This may lead to an increased propensity for spontaneous Ca 2+ waves and subsequent activation of NCX. An up-regulation of NCX was also reported and this, coupled with the spontaneous release, led to membrane depolarization producing delayed afterdepolarizations. 5 This agrees with the observation of an earlier study showing an increased frequency of spontaneous Ca 2+ waves and sparks in patients with AF. 6 While changes in RyR phosphorylation have been emphasized, reduced expression has also been reported. 7 However, there is no data on a possible change in the organization of RyR. Data from animal models similarly highlight a role for altered RyR function in AF, though studies in permanent and persistent AF are limited. In the dog with heart failure and with AF, abnormal Ca 2+ release has been reported as well as increased RyR phosphorylation. 8 In sheep with persistent AF, T-tubule re-organization was evident, but we also found that RyR expression was reduced, although confocal immunofluorescence imaging revealed no change in RyR distribution and density. 9 This hints at an underlying remodelling of RyR ultrastructural organization. RyR clusters have previously been studied using electron microscopy of freeze fracture in thin slice preparations of skeletal and cardiac tissue. From these measurements, RyR clusters were shown as contiguous crystalline arrays of single RyR molecules. Recently developed methods allow the measurement of intracellular structures based on immunostaining in myocytes, below the traditional fluorescence resolution limits, the so-called super-resolution microscopy, including STED (STimulated Emission Depletion) and dSTORM (direct Stochastic Optical Reconstruction Microscopy). 10 -12 Study of RyR clusters in ventricular cardiac myocytes has shown that RyR clusters have a higher, though fragmented organization, with small and large clusters grouped together in formations termed 'superclusters'. 13, 14 These may act together to release Ca 2+ , observed as a Ca 2+ spark, and such grouping of RyRs is also referred to as a Ca 2+ release unit (CRU). 13, 15, 16 In the case of atrial cells as studied here, these are frequently not coupled with the sarcolemma. 9, 17 Modelling has revealed that RyR cluster behaviour may relate to their size; small clusters are proposed to have lower levels of allosteric regulation via coupled gating and so fire more readily, contributing more to diastolic release. 16, 18 Similarly, preferential inhibition of small RyR clusters has highlighted their involvement in the initiation of spontaneous Ca 2+ waves. 19 In this study, it was hypothesized that small clusters would act to relay Ca 2+ release to neighbouring clusters and that this was particularly important in gaining critical mass for the initiation of a Ca 2+ wave. It is conceivable that abnormal fragmentation of RyR clusters within CRUs may assist in the process of inter-cluster activation which initiates Ca 2+ waves, but so far this has not been studied.
In the present study, we have investigated RyR cluster morphology in an established sheep model of persistent AF. 9, 20 To this end, we carried out super-resolution measurements of RyR, to explore cluster size, shape, and fragmentation using STED microscopy. We defined functional CRUs as a group of clusters within 150 nm distance of each other, allowing cluster -cluster interaction. 13, 15 In the same cells, we measured subcellular Ca 2+ release to assess the functional changes that occur in AF. We use computational modelling to predict the impact of the altered organization of RyR clusters and CRUs on Ca 2+ release, comparing predictions to observations of spark properties. We demonstrate that CRU morphology is a crucial determinant of the diastolic Ca 2+ release process, which may further potentiate aberrant Ca 2+ release in persistent AF.
Methods
A detailed description is available in the Supplementary material online.
The sheep model and atrial myocyte isolation were as described before. 9 For STED microscopy, myocytes were fixed immediately after isolation in 2% paraformaldehyde.
Fixed myocytes were labelled with a primary RyR2 antibody and Alexa 647N secondary. Samples were imaged on a custom-built STED microscope 21 (see Supplementary material online, Figure S1 ) and analysed using Data are presented as mean + SEM for RyR clusters and otherwise as scatter plots for individual cells. To include both N animals and n cells in the analysis, a hierarchical method was used.
Results

Near single RyR resolution by STED microscopy
Images of sub-resolution (20 nm) crimson beads were collected. The average of three aligned beads was calculated, and the profile was fitted with a Gaussian function to assess lateral resolution ( Figure 1A ). Given RyR size (30 nm), this translates to a potential resolution of 1 -2 individual RyR tetramers. Figure 1B shows a typical myocyte imaged using confocal microscopy. Figure 1C -F shows the image of a 3-sarcomere-wide region, with RyRs visible along the Z-lines. Improvements in resolution are evident from conventional confocal (C ) to the STED (D) and then deconvolved STED images (E). After deconvolution, automated thresholding was possible (F ). Figure 1G shows a typical image of 10 clusters of contiguous RyRs resolved by this method, illustrating the highly variable size and shape. Cluster images were used as a mask, and the approximate RyR number that could fit into each cluster was calculated using a grid of RyR sized units (30 × 30 nm) ( Figure 1H ). Given the limits of resolution, this method had limited utility if clusters had less than two RyRs; therefore, the number of RyRs per cluster will be stated as approximate.
Ryr cluster size is unaltered in Ctrl and AF
There were no immediately apparent differences in RyR clusters of Ctrl and AF myocytes (Figure 2A and B) . To ascertain whether RyR clusters were different in AF, pertinent metrics of morphology were developed and examined in 14 myocytes from 4 animals in each group. Mean cluster size was similar, 15.4 + 0.4 RyRs per cluster vs. 15.3 + 0.6 (n clusters ¼ 2581 and 1261 in Ctrl and AF, respectively, Figure 2C ). The distribution of RyRs as a function of cluster size is shown in Figure 2D . The relationship is well fit with the sum of an exponential for small clusters and a Gaussian function for larger clusters (R 2 ¼ 0.60 in Ctrl and 0.59 in AF). This indicates that small and large RyR clusters belong to two sub-populations.
The Gaussian peak at 50 RyR indicates that of the larger population, this is the most common cluster size in both AF and Ctrl. The cumulative histogram of RyR cluster size ( Figure 2E) shows that most RyRs reside in small clusters, with over half of all RyR residing in clusters containing six RyRs or less. Assessment of the proximity between individual RyR clusters ( Figure 2F) shows that clusters are closer together in AF. Mean centroid distance was reduced by 23% in AF.
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Organization of CRUs is different in AF
Experimental work has shown RyRs within clusters interact via coupled gating. 24 Theoretical work has shown this would mean that small clusters behave differently 18 and may have a role in the generation of Ca 2+ waves. 19, 25 It has been speculated that clusters that are close together will also interact to trigger release if they are within 100 nm of each other, forming functional release units. 13 Our modelling (below) indicated that a distance of ≤150 nm yields a high probability of cluster -cluster interaction; therefore, RyR clusters were grouped when edge-to-edge distances were ≤150 nm ( Figure 3A) . This enables additional quantification of CRU organization, relevant to their function.
Using these grouping criteria, Figure 3B -D shows that CRUs are larger in AF with more clusters in a CRU and a higher total number of RyRs.
To assess the internal organization within a CRU, the ratio of cluster filled with RyR to the total CRU area was calculated ( Figure 3E ). CRU's in AF were less filled with RyR indicating a higher degree of fragmentation in AF.
A high proportion of RyR clusters are not along the Z-line in AF
The initiation of Ca 2+ waves is highly sensitive to longitudinal sarcomeric CRU separation which may be reduced in hypertrophy. 26 No shows that many more clusters are ,1 mm apart in AF; the median of the histogram is 920 nm in AF vs. 1300 nm in Ctrl. Similarly, in AF a larger proportion (11.0 + 0.1 vs. 5.7 + 0.9% in Ctrl) of RyR clusters were found between Z-lines (see Supplementary material online, Figure S2 ). This shows that dispersion of RyR clusters away from the Z-line is more pronounced in AF, narrowing the distance Ca 2+ needs to diffuse across the sarcomere to activate neighbouring CRUs. 
Functional alterations in spark frequency and kinetics in AF
To assess RyR cluster function, freshly isolated cells were permeabilized and perfused with a mock intracellular solution to enable the observation of spontaneous sparks ( Figure 4A ). Most notably, macrosparks and double release sparks were observed in AF, but not in Ctrl ( Figure 4B ). Single Ca 2+ spark properties were also different ( Figure 4C ). Frequency was markedly higher in AF (Ci) and width was lower (Cii), implying a smaller Ca 2+ flux per release event on average. Differences in spark kinetics were also evident; duration (Ciii) and time to peak (Civ) were prolonged in AF, by 15 and 18%, respectively, and illustrated by example ( Figure 4D ). However, SR content in permeabilized myocytes was not different (see Supplementary material online, Figure S3 ).
Co-activation of RyR clusters within a functional CRU
A stochastic model of RyR was used to assess how the organization of RyRs affects the function of individual clusters and their interaction within functional CRUs. Here a temporal and spatial model of Ca 2+ sparks with single channel kinetics was used, based on a previous model, 27 adapted to the permeabilized atrial myocyte (see Supplementary material online). In a first simulation, the probability of one small cluster (5 RyRs) being triggered by the opening of a larger neighbouring peak of the main release, it would be undetectable by traditional spark analysis. The key finding from this simulation was the relationship describing the probability of small clusters being triggered (P trigger ) as a function of their distance from the main cluster (Figure 5Di) . The relatively steep drop at 150 nm from 0.937 to 0.315 indicates that small clusters ≥150 nm away are unlikely to be influenced by release from Altered RyR cluster morphology and function in AF the main cluster. This demarcates an effective 150 nm sphere of influence of this mode of activation. The delay in activation of the small clusters ( Figure 5Dii ) was negligible (,2 ms) for distances ≤150 nm.
Spark probability is increased in more fragmented CRUs
The probability of small clusters within a CRU to trigger larger neighbouring clusters (P trigger ) was further investigated. A varying number of small (5 RyR) clusters were set to open simultaneously, the Ca 2+ released then diffused to the larger cluster (25 RyR), triggering activation ( Figure 5E ). Simulated pseudo-linescans of total Ca 2+ and DF/F 0 from a two satellite-triggered release show a higher amplitude, longer duration release ( Figure 5F ) even more visible on the temporal profiles ( Figure 5G) , with F/F o values remaining high 5 ms after the peak release, in contrast to the more rapid fall shown in Cii (compare traces at 10 ms). In AF, cells showed increased fragmentation of CRUs. To explore the functional implications of this, the number of satellite clusters around a large cluster was increased. The probability of triggering release from the larger cluster by these satellite clusters had a very steep dependence on the number of satellite clusters ( Figure 5H ). In AF, the number of satellites increased from 2 to 2.5 (3 to 3.5 clusters per CRU); combined with the reduced buffering found in AF (see Supplementary material online, Figure S3 ), this increased the likelihood of release triggered in this way by 75% (dotted lines in Figure 5H ), approximating the increase in spark frequency observed experimentally.
Modelling shows the spark frequency of small clusters to be comparatively higher (see Supplementary material online, Figure S5 ), thereby increasing the likelihood of all satellites synchronizing, activating release. Nevertheless, the 75% increase may represent more of an upper limit as satellites may be .100 nm away. Even given these caveats, higher CRU fragmentation and reduced buffering would both facilitate intra-cluster interaction, leading to an increased spontaneous spark rate.
Modelling sarcomeric Ca 21 propagation
One notable difference in AF was the appearance of release events propagating across sarcomeres, macrosparks. Shorter sarcomere lengths can greatly increase the probability of this type of propagating release, 11 but this was not observed here. However, higher incidence of clusters between Z-lines (see Supplementary material online, Figure  S4 ) and shorter distance between clusters in the longitudinal axis ( Figure 3F ) may have similar effects. To investigate this, we simulated four clusters with varying separation ( Figure 6A , 400-700 nm). These clusters with 25 RyRs each had three small (5 RyR) clusters 100 nm apart, simulating CRU geometry in AF. With this configuration, the probability of propagation between the clusters was 100% when 400 nm apart, ( Figure 6D ). This fell rapidly as clusters were moved further than 500 nm apart but allowed for formation of macrosparks, as simulated in Figure 6B and C where four clusters were placed 600 nm apart. Triggering the two central clusters allowed propagation (with a 6% chance). The F/F 0 image of this event had a FWHM of 5 mm, similar to that observed experimentally. This simulation highlights how RyR cluster dispersion could lead to the genesis of macrosparks by providing a relay system to allow propagation across sarcomeres.
Discussion
Using STED microscopy, RyR cluster morphology in atrial myocytes could be analysed in detail, revealing fragmentation of CRUs in persistent AF. This nanoscale remodelling impacts on unitary Ca 2+ signalling, as shown experimentally and through simulation.
Ryr cluster organization in atrial cells and remodelling with AF
STED microscopy allowed us to visualize immunostained RyR clusters at a resolution of around 60 nm; deconvolution allowed further improvements in image resolution and quality. Similar methods have recently been used to resolve T-tubule structures in living ventricular myocytes. 28 This compares somewhat less favourably to the resolution of 20 -30 nm obtained using STORM. 12 STED offers the advantage of allowing access to the centre of the cell, with reduced acquisition time, and is less prone to artefacts of densely stained samples; however, the experimental setup is more complex. In their pioneering work using STORM imaging, Baddeley et al. 13 reported on RyR organization in peripheral clusters close to the membrane surface. The assumption was that sampling of peripheral clusters implied a more flat geometry, therefore facilitating measurement of complete clusters. As we are sampling more at the centre, this assumption cannot be made. Given the axial resolution of STED, we can assume we are actually sampling from a layer of 0.5 mm. Despite these differences in technique, in depth within the cell, in species and cardiac region, there is a remarkable similarity in the ultrastructural properties of cluster size and organization between the two studies. Likewise we find that on average there are 15 RyRs per cluster, but with a broad distribution of cluster sizes. This similarity between studies is surprising, but may highlight a common mechanism governing the process of cluster formation. Further analysis in the current study suggests two sub-populations of RyR clusters. The most numerous consists of small clusters containing six or less RyRs; the second has a broader distribution with predominance at 50 RyR clusters. This value is slightly higher than a recent 3-D analysis of Ca 2+ sparks in cat atrial myocytes, which calculated the flux produced from typical sparks originated from 20 -30 RyRs, 29 but lower than the 80 RyRs estimated from deconvolved confocal images 30 or 63 RyRs using dSTORM 14 in rat ventricular myocytes. This disparity between the studies may be due to incomplete activation of all RyR clusters per CRU during each spark event. However, species differences in CRU morphology cannot be discounted. Remarkably, the primary assembly of RyR clusters appears to be unaltered in AF, as cluster size was unchanged. However, the organization of the individual clusters into functional CRUs is different. In AF, there are more RyRs per CRU, yet within CRUs these clusters are less densely packed, resulting in a larger CRU area with a more fragmented CRU morphology. Of note, total RyR protein expression levels are slightly lower 9 (see Supplementary material online, Figure S6 ), which could contribute to more dispersed clusters. It is tempting to speculate that changes in CRU morphology may relate to the fragmentation of the T-and axial tubular (TAT) structure in AF 9 or atria from heart failure. 17 Proteins associated with RyR such as junctophilin-2 (JPH2) and more recently BIN-1 31 have been implicated in the TAT organization, 32, 33 and it is conceivable that these play a role in the secondary RyR organization. Low levels of JPH2 have been implicated in AF. 34 Alternatively, alterations in SR geometry may occur in AF and affect RyR cluster formation. SR geometry changes have been reported in ventricular myocytes from mice with genetically altered SR proteins. 35, 36 This could also have implications for sparks properties by altering SR Ca 2+ depletion rates. 37 Further study is required to assess these processes.
Cluster re-organization leads to increased RyR release activity
In the current study, functional properties of RyR were measured in permeabilized cells at 150 nmol/L Ca 2+ . The permeabilized cell preparation allows a high degree of control over the intracellular environment without confounding factors of surface membrane transport, sub-membrane Ca 2+ microdomains, or CaMKII activation. 38 It is particularly suited to study the properties of RyR clusters during direct activation by the prevailing Ca 2+ while preserving cluster structure and interaction, as opposed to bilayer experiments. Our findings in AF myocytes of an elevated spark frequency and high occurrence of locally propagating Ca 2+ release events (macrosparks) therefore can be most likely attributed to the changes in RyR cluster organization. Computational modelling supports this hypothesis.
A major element appears to be the close proximity of multiple small clusters within a CRU which could drastically increase the probability of a CRU to fire. Indeed, our modelling suggests that over half of all sparks may be due to triggering by smaller clusters. RyR cluster size has been predicted to affect release; coupled gating and allosteric interaction via FKBP12.6 may regulate the probability of RyR cluster opening. 24 A configuration with more small clusters per CRU may underlie repetitive or hyperactive spark sites. 39 -41 However, recent evidence has emphasized that local Ca 2+ release causing CICR from neighbours within each cluster is the prime determinant of RyR behaviour, influencing Ca 2+ spark frequency and release duration. 42 Thus, although the mode of interaction is presently under debate, the consensus is that RyRs in close proximity interact and influence CRU behaviour. Previous modelling and experimental data have suggested that small RyR clusters could underlie non-spark-mediated loss of Ca 2+ in the regulation of SR content 18, 43 and participate in the initiation of spontaneous Ca 2+ waves. 19 The current modelling and experimental data indicate that the presence of more small RyR clusters within CRUs also Altered RyR cluster morphology and function in AF contributes to Ca 2+ sparks, leading to a higher Ca 2+ spark rate in AF compared with Ctrl. Primarily this is due to smaller clusters within the functional group opening (.20×) more often than larger clusters. When these cluster openings synchronize, they can trigger release from clusters close by. In AF, this fragmented CRU geometry is more prevalent, given that the mean number of clusters per CRU increases from 3 to 3.5. Sarcomeres with clusters bridging the sarcomeric separation and in close proximity of each other were more common in AF. Using a simplified model for cross-sarcomere propagation, this predicted a high probability of propagation. Bridging of the sarcomere through clusters away from the Z-line could thus explain the higher macrospark frequency observed. For a macrospark, recruitment of .2 clusters ,700 nm apart would be required. Since minimum edge-to-edge sarcomeric distances were around this order in AF, this form of secondary recruitment would have a high likelihood. Prolonged or slow sparks have been described recently in a murine model of heart failure and were hypothesized to occur due to more subdivision in each CRU. 44 The current study finds more striking structural and functional measurements highlighting the relevance of CRU remodelling to cardiac disease.
Relevance of changes in RyR cluster structure and function to the pathology of AF
Dysregulation of Ca 2+ release and RyR, observed as increased spark activity and Ca 2+ waves in patients with AF, 4 -6 are considered contributing factors in AF. Altered calcium release has been attributed to secondary modification of RyR function through CaMKII-dependent phosphorylation; 45 oxidation or nitrosylation, described in heart failure, 46 ,47 may also be present. The current study demonstrates that remodelling at the nanoscale level may be an additional factor. The relative importance for RyR activity and AF in vivo is at present difficult to gauge as there are no tools that allow a direct intervention changing cluster organization/size and evaluating the impact on AF in vivo, as opposed to the pharmacological tools, or genetic tools in mice, that can be applied to alter phosphorylation. An increased spark probability due to ultrastructural changes may induce a positive feedback loop of CaMKII activation in the vicinity of increased release activity. Additional phosphorylation or oxidation processes would sensitize the fragmented clusters to prevailing Ca 2+ .
Since smaller RyR clusters are proposed to be more sensitive to phosphorylation processes, 18 it is likely that indeed organization at the nanoscale level and functional modifications will interact in facilitating abnormal Ca 2+ release in AF.
Reduced cytosolic buffering in AF would facilitate free diffusion of released Ca 2+ allowing activation of adjacent CRUs. This form of inter-CRU recruitment may play an important role in the recruitment of adjacent sites in physiological Ca 2+ waves, which occur as part of the E -C coupling process in the atria. In persistent AF, this would infer an increase in the effective gain of the Ca 2+ release system. This effective increase in gain and reduced cellular buffering may partially compensate for the reduced L-type current and reduced T-tubule density observed, but may have detrimental effects by inducing spontaneous Ca 2+ waves which may generate DADs, especially when NCX activity is increased as is the case in AF. 5, 9 Whether spontaneous depolarization plays a role in the substrate of persistent AF is a matter of debate. A study on maintenance of stretch-related AF suggested interplay between rotors and focal discharges. 48 Multiple small release events that are not triggering an AP may contribute to membrane instability by a small increase in net inward NCX current.
Regarding the relative role of RyR function within the overall changes in Ca 2+ handling in AF, further computer modelling and experimental study is needed to uncover the involvement in the arrhythmic burden and contractile dysfunction. Of note, however, a number of reports highlight the occurrence of AF in patients with primary genetic RyR dysfunction. 49 
Limitations
While the resolution of the measurements here is sufficient to study RyR CRU morphology, single RyR measurements are not possible. The CRU's measured here are from .2 mm deep within the cell and therefore are not flat. Peripheral clusters are proposed to be more flat; 12 however, myocyte morphology will never allow perfect alignment with the coverslip. Similarly, the axial resolution of STED microscopy, while better than highly inclined TIRF mode, is still 0.5 mm. These confounding factors may limit more accurate RyR cluster quantification. Alternative approaches to gain information on cluster size which include out of focus RyR, using a method previously used for confocal measurements, 30 are presented and discussed in the Supplementary material online, Figure S6 .
To study Ca 2+ sparks in the absence of Ca 2+ waves, a moderate level (350 mM) of EGTA was used. The addition of cytosolic buffers is known to affect Ca 2+ release, and recent studies 43, 50 suggest that this may happen with ≥360 mM EGTA, similar to that used here. If experiments had been carried out at lower buffering levels, the observed differences in spark frequency and TTP may have been more pronounced. Differences in RyR phosphorylation, but not in FKBP12.6 or PP1 protein expression, can be detected in tissue homogenates (see Supplementary material online, Figure S7 ). However, in permeabilized cells, modification of RyR function by CaMKII (or NOS) is assumed to be absent as the intracellular milieu is clamped at [Ca] below levels necessary for activation (see Supplementary material online) and comparable for CTRL and AF. Likewise redox conditions should be similar for both groups. However, we cannot exclude microdomains maintaining differences in redox near RyR as redox potential was not clamped as in Shirokova et al. 51 Coupled gating was used in the simulations here. No clear consensus on the importance of coupled gating on RyR function has yet been reached. However, it is clear that RyR opening increases the likelihood of triggering neighbours by Ca 2+ -induced Ca 2+ release and that this nanoscale influence has a similar effect. 52 This is discussed further in the Supplementary material online.
Conclusions
RyR clusters are highly variable in size and can be further described in a second-order organization into functional CRUs. The current data underscore the role of RyR cluster morphology and buffering in the generation of spontaneous Ca 2+ release.
In persistent AF, more fragmented CRUs, with more clusters that are in close proximity to each other, lead to more inter-cluster interaction, potentiated by reduced Ca 2+ buffering. Together, this leads to an overactive Ca 2+ release with increased chance of propagating release events.
Supplementary material
Supplementary material is available at Cardiovascular Research online.
